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ABSTRACT

A simple four state model of a proton pump is presented and an equation

for net transport is derived under steady state conditions, using simplifying

assumptions. The model clarifies the essential requirements of any proton

pump. The spectroscopic and photochemical properties of bacteriorhodopsin are

discussed in terms of the electroni~ structure of its retinyllic chromophore.

Finally, a molecular model for proton pumping is described which satisfies both

the kinetic and spectroscopic requirements discussed in the preceeding sections.

INTRODUCTION

It is not surprising that studies of the purple membrane have attracted

researchers from so many different fields. Bacteriorhodopsin seems to be the

simplest system capable of carrying out active transport, it will eventually

reveal important structural features characteristic, and perhaps unique to

membrane proteins, and it is likely to teach us a great deal about visual

pigments since the two proteins share a common chromophore. This short list of

real, and perhaps imaginary, benefits can be easily extended but it serves to

delineate the scope of this paper which deals with kinetic aspects of proton

pumping, and with the spectroscopic and photochemical properties of the reti-

nyllic chromophore. A kinetic analysis is required to clarify the essential

mechanistic requirements imposed by the fact that bacteriorhodopsin (bR)

functions as a pump, while a discussion of the excited state properties of the

chromophore is useful in interpreting the large number of physical measurements

that have been carried out on the bR photo cycle. Ultimately of course it will

be necessary to associate kinetic intermediates with the various states that

have been characterized spectroscopically and a highly speculative attempt in

this direction will be made in the final section. The goal of the hypothetical

model that is proposed is primarily to demonstrate the type of theoretical

problems that must be dealt with in any attempt to construct a detailed

molecular mechanism of proton pumping.
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STEADY STATE ANALYSIS OF ACTIVE TRANSPORT

Active transport is the process by which a substrate is moved against its

electrochemical gradient. The energy for the process may be provided by

another gradient (osmotic-osmotic coupling) or from the progress of a chemical

reaction (chemiosmotic coupling). W.D. Stein and this author have recently

presented a steady state analysis of active transport, in which, using the

language of enzyme kinetics, we show that both forms of coupling may be readily

treated in terms of simple carrier modelsl,2. Our models enabled us to consider

design principles for pumping systems and in particular how evolution could

maximize their efficiency by optimizing the various rate constants and affini-

ties associated with their action. Light driven transport has been incorporated

into the general formalism but it is considered here separately since in many

ways it constitutes a particularly straightforward special case.

We have found it conceptually useful to make a distinction between a system

that will pump, however slowly, and a system that will build up a concentration

gradient in physiologically reasonable times. A pump is defined here as a

system that when operating in the absence of any external leaks will build up

a concentration gradient of substrate across a membrane. The final concentration

gradient attained depends only on the energy balance of the system and is inde-

pendent of the rate of pumping which may be arbitrarily slow. Of course, in any

real system leaks that are external to the pump will reduce the size of the

concentration gradient that can be maintained. The "efficient" pump will

maximize the rate of substrate flow from o~e side of the membrane to the other

thus allowing the achievement of a significant gradient in the face of a back

flow of substrate.

These concepts can be made clearer by considering the simple model for a

light driven proton pump shown in Fig. 1. The four forms of the carrier depict

those states that can be detected by steady state analysis and need not

correspond to well defined molecular entities. Fig. 1 contains however a com-

pletely general model of a proton pump and it serves to illustrate the

essential design principles upon which any pump must be based.

El is a form of the carrier with a binding site for protons on side 1 (the

inside) of the membrane while E2 binds protons on side 2 (the outside). ElH and

E2H correspond to states of the carrier where a proton is bound but accessible,

respectively, to side 1 and side 2. Thus, the intrinsic equilibrium binding

constants (corresponding to pK's on either side of the meIDbrane) are fl/bl and

f2/b2. The conversion between ElH and E2H or El and E2 corresponds to an iso-

merization of the protonated or unprotonated form of the carrier. This step will

not in general involve spanning the thickness of the entire membrane but rather
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moving a site, with or without a proton, so that it is accessible to the

aqueous phase on one side of the membrane or the other.

..

Fig. 1. Four state model for light driven proton pumping in bR. Forms with

subscript 1 bind protons on the inside of the cell while those with 2 bind

protons on the outside. All steps can in principle have light and dark compo-

nents contributing to their respective rate constants but the divis10n is

explicitly made only with respect to gl.

Fig. 1 contains the essential features of proton pumping. In the absence of

light all four forms will be in thermodynamic equilibrium, their relative con-

centrations depending on their relative free energies, and on the pH on both

sides of the membrane. There will be no net flow of substrate so that ~12 = ~21

where ~ij is the unidirectional flow of substrate from i to j. Assume now that

light increases the rate of the isomerization step EIH ~ E2H but that all other

rate constants are unaffected (because, perhaps, only EIH absorbs light of the

proper wavelengths). In the presence of constant irradiation equilibrium will

be disturbed and there will be a net flow in the direction 1 ~ 2. The rate of

flow given by ~12 - ~21 will determine the rate of pumping. Note that the

existence of a pump is a consequence of the removal of the system from equilib-

rium and thus is independent of the various rate constants, and hence pK's, of

the system. The rate of pumping will be however, strongly dependent upon the

various rate constants.

It is useful to consider the factors that determine the magnitude of the

various rate constants that characterize the pump. In the absence of a membrane

potential, the f[H] terms simply describe diffusion limited pro~on uptake so
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that fl ~ f2 ~ 1010M-1sec-1. bl and b2 are the rate constants for proton re-,
lease into solution and hence determine the respective pK's. The k and g

terms are pH independent but depend on the rate of the various photochemical

g~ + I € ~ wher~ g~ is the thermal rate

~ term describes the rate of the photo-

processes. Thus, for example, gl

constant in the dark while the I €

chemical process that converts EIH to E2H. I is the light intensity, while €

and ~ are the absorbance and quantum yield, respectively, of EIH at the

appropriate wavelength. Under conditions of intense sunlight, I € ~ for

bacteriorhodopsin has an upper limit of about .1 sec-l.

Fig. 1 can be affected by theIn principle, all of the rate constants of
d

For example, gl and g2

is increased. Even the

will be strong functions of ~

photochemical step could be

membrane potential, ~o.

with g2 increasing as ~

affected via the quantum yield ~. However, the essential features of a proton

pump may be discussed in the absence of a membrane potential which will be

neglected in this treatment. It will, however, be discussed qualitatively below

and introduced explicitly elsewhere (B. Honig, in preparation).

Using the King-Altman3 diagramatic technique, it is possible to solve for

the steady state concentrations of the four forms appearing in Fig. 1. For

simplicity we will assume that g~ = g2 = 0, that is, there is no dark inter-

conversion between EIH and E2H. Since EIH corresponds to light adapted bR this

assumption is certainly a good one for the forward reaction. Characterizing g2

is more difficult since it is not clear to what molecular form E2H should be

assigned. It is, however, probably a composite of K, Land M which are all

formed under normal conditions, prior to proton release4. If we assume that

E2H is primarily M, then the normal back reaction goes via E2 and El and does

not affect g2" g2 is an internal leak or slippage in the system and of course

must have a finite magnitude. Nevertheless, we take it as zero in this simple

treatment and further assume no photochemical back reaction since M has a low

probability of absorbing visible photons.

Under these conditions, g2 = 0 and every EIH + E2H event will eventually

lead to the pumping of one proton since sooner or later a proton will be re-

leased on side 2 and EIH will be reformed via the uptake of a proton from

side 1. ~21 now equals zero and therefor the net flow is simply ~12. This is

given by (B. Honig, unpublished results):

~12 = gIlD

where

D = 1 + gl (1/k2+1/b2+1/fl[HJ~2[H2]/b2k2+kl/k2fl[Hl]) +

+ bl/fl [HI ]+bl kl/k2fl [Hl]+ (f2[ H) IflL HI]) (klbl/k2b2+bl gl/k2b2)



HONIG 113

gl has been left in the numerator stnce it is the rate of the photochemical

reaction and defines the max~ pumping rate of the system. The lower limit for

the denominator, D, is 1 so that ~12 can be maximized by ensuring that all

terms in D are small with respect to 1. We will not consider them all here in

detail but §imply summarize the requirements that minimize D. If fl and f2 are

diffusion controlled rates they are not subject to evolutionary tinkering and
-1

can be ignored. Recall however that f[H] = 1 msec for pH = 7 and changes by

a factor of 10 with each change of 1 pH unit. If we assume that the internal
-1

pH never exceeds 8, then bl = 1 sec or pKl = 10 ensures that bl/fl[Hl]

always be small. kl/k2 « 1 is also desirable although not really necessary

if b2 is sufficiently large. The kl/k2 requirement implies that the dark iso-

merization E2 + El be a downhill step in free energy while b2 = 1 msec-l (or

pK2 ~ 7) seems large enough to cover any biologically relevant concentration

gradient [H2]/[Hl]. Should the gradient be increased artificially, the rate of

pumping ~12 will decrease accordingly but will never reach zero.

It is important then to consider under what conditions the pump will stop.

As defined above it will never stop simply because g2 has been set equal to

zero, although leaks external to the pump will always limit the pH gradient

that can be achieved. In reality, the pump itself will stop when ~12 = ~21 and

this will occur when g2[E2H], which describes an internal leak, becomes

sufficiently large. In the absence of a membrane potential [E2H] will increase

as the pH gradient increases so that eventually the back reaction will become

significant even if the carrier has been designed so that g2 is extremely

small, as has been assumed (for simplicity) above. In the presence of a large

membrane potential ~12 can itself be reduced to nearly zero if say gl or b2

become small. Under these conditions the pump will stop simply because the

photochemical cycle has been cut off.

The actual behaviour of the pump can be determined in principle by approp-

riate experiments but the discussion above will, I believe, facilitate their

analysis. The dependence of the rate constants of the photochemical cycle on

pH and membrane potential is currently being studied, as is the dependence

of the pumping rate on these same variables (see for example a number of

articles in this volume). Eventually it should be possible to correlate the

two sets of rate constants and this will be an important step in understanding

the mechanism of proton pumping in molecular detail. An additional re~lirement

is that the spectroscopic and photochemical behaviour of bacteriorhodopsin be

understood, and an assessment of our current level of theoretical understanding

of retinal based pigments is presented in the next section.
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SPECTROSCOPIC AND PHOTOCHEMICAL PROPERTIES OF THE CHROMOPHORE

The factors that determine the spectroscopic properties of linear polyenes,

such as retinal, are well understood. It appears to be a general principle

that long wavelength absorption is correlated with increased ~ electron delo-

calization and decreased single bond- double bond alternationS. For example,

cyanine dyes which have completely delocalized ~ electrons may absorb above

700 nm while retinal or its Schiff base, which are essentially localized

systems, absorb in the uv. Resonance Raman studies6,7 show that the retinyllic

chromophore is bound to bacterio-opsin by a protonated Schiff base linkage to

an £-amino group of a lysine and the spectroscopic behaviour of bR should be

discussed in terms of this protonated species which absorbs in solution at

about 4S0 nm, well to the red of the unprotonated Schiff base.

a

b

o

Fig. 2. (a,b) Resonance structures for the protonated Schiff base of all-trans

reti~al; (c) The all-trans protonated Schiff base with a counter-ion near the

nitrogen and another charge near the ring to represent additional protein in-

duced electrostatic interactions, (d) 13-cis protonated Schiff base formed

from isomerization of (c) with counter-ions kept fixed.

The-red shift resulting from protonation of the Schiff base is due to re-

sonance structures such as that shown in Fig. 2b in which the positive charge

is delocalized into the chain. As a result ~ electron de localization is in-

creased relative to the main structure of Fig. 2a. Theoretical calculations

suggest that an isolated protonated Schiff base would absorb at about 600 nm

and that the solution value of 4S0 nm is due to a counter-ion induced blue

shiftS. This is expected since a counter-ion bound to the nitrogen will increase
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the contribution of structure 2a thus localizing the IT electrons and blue

shifting the spectrum.

It seems safe to assume that such a counter-ion is present in the pigment

as well since lysines that are not bound in the form of a salt bridge are

not found in the interior of proteins. The fact that bR absorbs at 570 nm

must be attributed to additional electrostatic interactions with the protein

such as that represented in Fig. 2c. Their detailed nature cannot be deter-

mined at this time so that Fig. 2c should be viewed only as a simple phenomeno-

logical model (see Ref. 5 for a more detailed discussion) .

In the following we will emphasize the role of the counter-ion assuming the

presence of additional charges (as in Fig. 2c) that provide the requisite red

shift from 450 to 570 nm. Thus all spectral changes will be discussed in terms

of shifts relative to the absorption maximum of light adapted bR.

There is considerable evidence that the primary event in vision is, as

originally suggested8, a photochemical cis-trans isomerization9-ll. Based on

the similarities between the photochemical properties of visual pigments and

bR, we suggested9 that the primary event in bR also involved an isomerization

event about a single and/or double bond in the polyene chain. pettei et al.l2

have provided evidence for isomerization in the photocycle and thus it now

appears highly likely that some sort of geometric change in the chromophore is

induced by light. An important consequence of the primary event must be the

storage of sufficient energy to drive the pumping cycle. Energy storage appears

to occur in visual pigments as well9. Other features that are common to both

systems are a red shifted photoproduct and a C=N bond that is protonated both

before and after the primary event6,7.

Isomerization provides a consistent explanation of these and other obser-

vations5,9. First, as can be seen in Fig. 2d, the effect of isomerization is

to remove the protonated nitrogen from its counter-ion. This will inevitably

~d shift the spectrum, as discussed above, and will of course leave the Schiff

base still protonated. Second, the effect of charge separation in the interior

of the protein should introduce considerable strain into the system and pro-

vides a general mechanism for photochemical energy storage9. Finally, the

thermal back reaction should be slow since ground state rotational barriers

around double bonds are in general quite high. Fig. 2d implies that the primary

photochemical event in bR is an all-trans + l3-cis isomerization. The situation

may however be more complicated with single bonds and the C=N bond participating

as well9,l3. Thus the trans + cis isomerization step of Fig. 2 should be re-

garded only as an example which is used to illustrate the electrostatic con-

sequences of geometric changes.
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THE ROLE OF THE CHROMOPHORE IN PROTON PUMPING

There is no direct evidence that the Schiff base proton participates

directly as a transportable substrate in the pumping mechanism. Moreover, it

is clear that the chromophore alone could not itself move a proton by more
o

than a few A. Nevertheless, the existence of many intermediate~ in the photo-

cycle, some of which are affected by pH, suggests a central role for the

chromophore and it is interesting to consider how the various spectroscopic

intermediates might be correlated with the carrier states appearing in the

kinetic analysis given above.

The requirements for a well designed pump include a) A light induced con-

formation change in the carrier that removes a proton from the environment

inside the cell and makes it accessible to solvent on the outside. b) An

effective pK of ~,lO on the inside and' 7 on the outside of the membrane.

c) A reisomerization of the carrier (without protons) that occurs in msec.

d) A high barrier to isomerization of the carrier when protons are bound.

The first two conditions may be easily met by assuming that the conforma-

tional change of the chromophore is itself the kinetically meaningful iso-

merization. Chromophore isomerization could bring the proton across a permea-

bility barrier (although not across the entire membrane). The desired pK

change also poses no problem since the pK of a protonated Schiff base is

about 7 but its effective pK would be significantly increased were it bound

to a counter-ion as suggested here. Isomerization breaks the salt bridge thus

lowering the pK close to the solution value of 7.

Conditions c) and d) are harder to realize via a simple trans-cis isomeri-

zation about a double bond since protonated Schiff bases should in general

have lower isomerization barriers than Schiff bases whereas the opposite is

required by the model. Of course the opsin could in principle set barrier

heights as desired but the interesting model of Schulten and Tavan13 which

includes isomerization about both the 13-14 and 14-15 bonds provides a parti-

cularly attractive way of meeting conditions c and d.

A molecular model involving the chromophore directly 1n transport, yet

consistent with the spectroscopic changes detected in the photocycle, is shown

in Fig. 3. The counter-ion is designated R' - 0- while the group that accepts

the Schiff basp. proton is designated A. The model consists of a sequence of

events that are likely to occur if the chromophore acts as a "switch" trans-

ferring protons across a ,permeability barrier. Essentially all of the spectros-

copic changes seen in the photo cycle are qualitatively accounted for via Schiff

base counter-ion interactions of the type discussed above. Photocycle inter-
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mediates that make the major contribution to speCific kinetic states are

identified. Note that the 0 form should be titratable from the inside of the

membrane and could be similar to the long wavelength (A ~ 605 nm) absorbing

species formed below pH = 3. The shorter wavelength species (A ~ 565 nm)

formed around pH ~ 0 could arise from the titration of an additional charge

in the vicinity of the ring.

,,,,

/H"
~
R

A

N
I

R
A

AH

Fig. 3. A molecular model for proton pumping consistent with the observed

spectral changes in the bR photocycle. The kinetic forms of Fig. 1 are asso-

ciated with specific intermediates. The model assumes that the first M (uv ab-

sorbing) species is formed prior to proton release. An unspecified isomerization

step is represented by a switch in the position of the proton and R group

bound to the Schiff base nitrogen.
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Thermal back reactions from K,L, and the first form of M constitute

internal leaks 0'"'"slippage" and their rate defines the rate constant g2 of

Fig. 1. Should there be a branched pathway involving slippage via another

state, say N, the kinetic model of Fig. 1 would have to be modified accordingly.

N could however be easily incorporated into the single closed cycle of Fig. 3

by invoking additional chromophore protein interactions.

The counter-ion and acceptor group cannot be identified at this time. A

carboxyl group is however the obvious choice for the counter-ion since its

pK is low enough to donate a proton to the Schiff base. A tyrosine is however

an interesting alternate possibility since once it loses its proton it is
o

capable of flipping its hydroxyl group by about 12 A to pick up another one.

Thus a significant part of the membrane thickness could be traversed by the

motion of a single residue. (There is evidence for a conformational change

of this magnitude in carboxypeptidase). The difficulty with a tyrosine is that

it would not be expected to donate its proton to the Schiff base as required

by Raman measurements6,7. On the other hand, there is evidence for the ion~-

zation of a tyrosine during the early stages of the photocycle16.

The acceptor group A is unlikely to be water since M is apparently formed

before proton release into the aqueous phase4. An imidazole group (should

there be one in bR) is an attractive candidate since it too could move a
o

proton by a few A and could easily accept one from the Schiff base.

There is of course no need to require that the counter-ion and acceptor

groups playa major role in transporting a proton across the entire thickness

of the membrane. Fig. 3 could just as easily describe a molecular switch

between the two halves of the proton wire suggested by Stoeckenius17. It is

interesting however that the entire transport process could be accounted for

by rotational motion of the chromophore and two adjacent amino acid side

chains. Whether such motion is allowed in the interior of a membrane is not

cleaI'.

CONCLUSION

I have presented in this paper both kinetic and molecular models of proton

pumping. The kinetic model is appropriate to a single pumping cycle and would

have to be modified should branched pathways be required. It does however des-

cribe the necessary elements of any proton pump and thus, I believe, helps in

the interpretation of experiments and various molecular models. The specific

model proposed serves two functions. First, it demonstrates that the numerous

photocycle intermediates arise naturally if the chromophore acts as a ~olecular

switch, and that their appearance is not at all surprising. Se~ond, it empha-
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s~zes the constraints placed on any model by our current understanding of the

spectroscopic and photochemical properties of the chromophore.
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DISCUSSION (PAPER BY HONIG)

schulten:

When you excite a retinal Schiff base you are changing the distribution of the

charges, and basically what is happening is very simple, that is that charge is

shifting from the ring to the nitrogen, and so the ring becomes more positive,

and the nitrogen more negative. You will real ize how important environment is,

that it could perhaps modify, red shift the spectrum of the chromophore. You
just have to look at a charge density map, which we produce, and it tells you
exactly where one must put a negative charge or a positive charge in order to
have a red shift effect on the spectrum. There are many possibilities.

Honig:
Whenever you hear theoreticians, the immediate response is not to bel ieve them

(Laughter!) I think that some of the things that are said are speculative. I

think that these spectral characteristics that we are talking about are really

well established. And I just want to illustrate a point, not as to the calcula-

tion, I just want to show you the number. This species with n=5 has 13 atoms.
This is a protein with 13 atoms and it absorbs at 740 nm. That is, there are

very good precedents for getting proteins absorbing out that far. It is not a
miracle.

Garty:

I am concerned about what happens when the system reaches steady-state after you
pump a while and you build up large enough gradient, and you stop seeing acidi-

fication. Then either your EZ has to go back with a proton or it has to stay
with a proton on the outer side. In both cases you should see a very clear
effect on the photocycle which we don't observe.

Honig:
If the re is an a Ite rnate

antiport, then the cycle

bui Iding up the gradient

path for protons to get back through, say the sodium

wi11 be turned around just as fast but it won't be

anymore because the protons will be going back.

Garty:
So, what you are saying is that the rate of pumping of protons is constant.

Honig:
No, it is dependent on pH to the extent that this process starts occurring. Now,
I don't know enough about the experiments. I don't know enough about that back-
reaction. This is a very over-simpl ified model. I could add another pathway
for an internal leak within the cycle, and that's the sort of thing your experi-
ment is talking about. This is only the minimal requirement for a pump and our
equation describes the minimum conditions for a pump. But, certainly, it is
true. You could be turning over very fast and not seeing anything. That's what
happens in the steady-state. You have built up a gradient and nothing else
occurs.

Oesterhelt:

Did you try to get from the rate constants of your model an expression for the

thermodynamic force of the pump?

Honig:
No, I've done it for the ATPase because it's easy to put in chemical reactions
in thermodynamics. What do you exactly mean by a thermodynamic force?
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Oesterhelt:

The proton MOtive force of the pump as function of the rate constants you assume.

Honig:
I have not tried.

Hess:

I would like to make two comments. Although I feel that your equations might

describe the proton transferring photocycle rather well for the case of open

membrane sheets, where the gradient term can be neglected, I am wondering about

the pH influence upon the cycle rate. As I have demonstrated !n my lecture, the

steady-state cycle is rather pH-independent indicating a strong intramolecular

pH buffering. Therefore, your simple equation system might need some modifica-

tion. On the other hand, it should be noted that your mechanistic scheme

suggests one intermediary state, which allows di rect interaction with the bulk

pH, not effecting the overall rate. As you will know, Or. Korenstein and I

reported (Nature, 270, 183, 1977) that the "660" intermediate is an internal

probe of bacteriorhodopsin to environmental conditions such as pH, temperature

and relative humidity. Would you be ready to identify your pH sensitive inter-

mediate as the "660" component?

Honig:
You have to go to the first state model where there

four-state model there is also a pH-dependence, but
there is none.

is a pH dependence. In the
in the three-statemodel


